




Beneficial Re-use of Industrial 
CO2 Emissions Using Microalgae
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Why Algae?
• Biodiversity – over 30,000 known species (eukaryotic, unicellular 
organisms)
• High productivity per acre
- Fastest growing photosynthetic organism on the planet
• Minimizes competition with conventional agriculture
- Doesn’t need good land or fresh water
• Compatible with integrated production of fuels and co-products 
within bio-refineries
S.L. Nielsen, S. Enriquez, C.M. Duarte, K. Sand-Jensen, Functional Ecology 1996, 10 (2), 167-175. 
T.M. Mata, A.A. Martins, N.S. Caetano, Renew. Sustain. Energy Rev. 2010, 14 (1), 217-232.
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Simplified Process Schematic
Key Issues to be Resolved
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1) Is algae cultivation using coal-derived flue gas feasible? 
Is bioaccumulation of heavy metals problematic for utilization of the 
produced biomass? 
2) In the case of algae-based bioplastic production, which biomass 
processing scheme offers the greatest potential for revenue 
generation? 
→ Whole biomass vs. wet lipid extraction vs. full biomass fractionation 
3) From a TEA and LCA perspective, which algae cultivation system and 
which biomass processing scheme offers the greatest potential?   
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Screening for Optimal Algae Strain
• 150 candidate strains 
identified from literature
• Screening for specific growth
rate at pH 5.5 and 35 ᵒC
• Four different growth media
used 
• Promising strain of 
Scenedesmus identified 
(UTEX B72) – native to KY; 
currently our strain of choice
Scenedesmus acutus




• Relatively low capital cost
• Technology is mature
• Operationally simple
Cons:
• Significant evaporative losses
• Subject to external contamination
• Low CO2 and light utilization efficiency:
max. growth rate ≈ 20 g/m2/day
Photobioreactors
Pros
• High areal productivity:
max. growth rate ≈ 40 g/m2/day (?)
• Low water loss
• Less subject to contamination
Cons
• High capital cost
• High energy consumption
• Fouling due to biofilm formation 
7
“Cyclic Flow” Photobioreactor
• Cyclic Flow PBR provides ideal quiescent water 
column majority of time for photosynthesis
• Controls and automation enable continuous 
operation and monitoring with minimum labor 
costs. 
• Mixing and gas management provided by 
bubbling compressed flue gas periodically 
• Periodically (every 4-6 hours) the parallel reactor 
modules are drained, mixed, and refilled to 
ensure reactor homogeneity while also actuating 
pipe pigs for biofilm control
• “Pipe pigs” leverage buoyancy to clean the inside 
walls of the tube, preventing biofouling
• PBR material cost (China): $0.44/L
M.H. Wilson, D.T. Mohler,  J.G. Groppo, T. Grubbs, S. Kesner, E.M. Frazar, A. Shea, C. Crofcheck, M. Crocker, Appl. Petrochem. Res., 6(3) (2016) 279.
D.T. Mohler, M.H. Wilson, Z. Fan, J.G. Groppo, M. Crocker, Energies, 12 (2019) 2634.
M.H. Wilson, A. Shea, J. Groppo, C. Crofcheck, D. Quiroz, J.C. Quinn, M. Crocker, Bioenergy Res., 2020, DOI 10.1007/s12155-020-10178-9. 
1200 L cyclic flow PBR,
University of KY 




East Bend Station Demonstration Facility 
MAIN GOALS
• Quantify algae productivity under
realistic conditions and % CO2, NOx 
and SO2 removal
• Measure biomass composition to 
track heavy metals





Average 8.9 53.4 28.0
Minimum 7.2 14.5 6.5
Max. 9.6 97.2 84.3
650 MW Scrubbed Unit (SCR, FGD, ESP)
M.H. Wilson, D.T. Mohler,  J.G. Groppo, T. Grubbs, S. Kesner, E.M. Frazar, A. Shea, C. Crofcheck, M. Crocker, Appl. Petrochem. Res., 6(3) (2016) 279.
D. Mohler, M.H. Wilson, S. Kesner, J.Y. Schambach, D. Vaughan, M. Frazar, J. Stewart, J. Groppo, R. Pace, M. Crocker, Biores. Technol., 293 (2019) 122014. 
Flue gas composition 
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East Bend Algae Productivity
Summer 2015; 1200 L cyclic flow PBR
 Average algae productivity = 0.165 ± 0.057 g L-1 d-1, equivalent to ⁓35 g m-2 d-1





























































































































































Av. CO2 capture efficiency during daylight hours = 44%

































5 s sparging on / 55 s sparging off 
Tr CO2 IN CO2 OUT PAR
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NOx in versus NOx out










































5 s sparging on / 55 s sparging off 
Tr NOX IN NOX OUT PAR
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SOx in versus SOx out


































5 s sparging on / 55 s sparging off 











































































 Triple Super Phosphate is a mined product and contains As, Cd and Se at ppm levels 
= Av. biomass concn. in PBR at harvest





















As Cd Hg Se
ICP-MS analysis of dry algal biomass. Error bars 
correspond to the st. dev. (n = 3) 
• As, Cd and Se concentrations in pond-grown biomass higher 
than in PBR-grown biomass 
• In all cases, Cd concentration is well below theoretical 
maximum based on Cd in algae nutrients, and Se concentration 
is at or below theoretical maximum 
• As concentration in Ponds 1, 3 and 4 is slightly above 
theoretical maximum based on algae nutrients
• In all cases average Hg concentrations are close to minimum 
detection level and below minimum reportable level
 Higher As, Cd and Se concentrations in ponds relative to PBR 
likely due to 2 factors: 
- longer incubation time of biomass in ponds + lower CO2
utilization efficiency (open loop operation) results in exposure 
to much greater volumes of flue gas (ca. 6-9 times as much as 
PBR) 
- lower algae concentration in ponds at harvest (vs. PBR)
 Biomass would be suitable for food packaging applications















Bioplastics Production from 1950 to 2017 
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• Algae can substitute for up to 50 wt% of polymer
• High protein content in algae beneficial for polymer 
properties
• “Sequestration” of CO2 in durable plastics such as HD 
polypropylene
• Enhancement of biodegradability when added to 
polylactic acid, polybutylene adipate terephthalate






















End UsersTwin Screw Extrusion Compounder
Polymer/Additives Feedstocks Article
• Biomass is pulverized using a hammer 
mill and forced through a mesh (< 50 
μm average particle size)
• Formulation using base resin (~50-85 
wt%), biomass (~15-45 wt%) and 
compatibilizer (~2 wt%)
• Thin films cast for assessment of 
homogeneity 
• Injection molding to prepare testable 
parts (extension, tensile strength, 
Young’s modulus)
• In prior work, ethylene vinyl acetate (EVA), linear low density polyethylene (LLDPE) and 
polylactic acid (PLA) based blends were prepared; EVA-defatted biomass blend showed 
superior mechanical properties to current Algix Bloom product
• Extended in this project to Nylon and PBAT (polybutylene adipate terephthalate)
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Algae Fractionation into Lipids, Sugars 
and Protein-rich Solid 
• Lipids isolated from wet Scenedesmus acutus (UTEX B72) biomass via 
in situ transesterification/esterification using MeOH/HCl. Lipids 
recovered via hexane washing, solids via filtration. Aqueous phase 
contains mainly dissolved sugars.
• Design of Experiments: 
T = 25, 50, 80 °C; 
[HCl] = 0, 1, 3, 5 wt% of MeOH used; 
MeOH = 50, 100, 200 ml. 
Fixed: 100 g algae slurry (20 wt% solids); extraction time 2 h. Triplicate 
runs.  
K.L. Kadam, B.L. Goodall, US patent 8,591,912 (2013).
T. Dong, E.P. Knoshaug, R. Davis, L.M. Laurens, S. Van Wychen, P.T. Pienkos, N. Nagle, Algal Res., 2016, 19, 316-323.
R. Pace, S. Kesner, E. Santillan-Jimenez, T. Morgan, M. Frazar, V. Kelly, M.A. Zeller, M. Crocker, Biomass Conv. Biorefin., 2020, https://doi.org/10.1007/s13399-020-01090-5. 
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Algae Fractionation
Increasing the temperature and 
acid concentration leads to 
higher aqueous phase yield and 
lower solids yield
Increasing acid concentration 
tends to decrease the lipid yield 
while increasing temperature 
leads to increased lipid yield
Volume of MeOH has little effect 
on the yields of all fractions
R. Pace, S. Kesner, E. Santillan-Jimenez, T. Morgan, M. Frazar, V. Kelly, M.A. Zeller, M. 
Crocker, Biomass Conv. Biorefin., 2020, https://doi.org/10.1007/s13399-020-01090-5. 
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Biomass Quality Control Testing
Proteinaceous solid from algae fractionation: 
• Increased protein content (exceeds milestone target of 
45%)
• Only 2.2 wt% ash present
• GCMS volatile compound test found only 7 problematic 
odor compounds, well below threshold count
• Biomass passed every qualification test
• Polybutylene adipate terephthalate (PBAT) incorporating 
protein-rich solid from fractionation shows superior 
mechanical properties to the pure resin
Quality Control Summary 
Bioplastic tensile bars and filament
Sample Protein 
(%, db)
Nitrogen, sulfur and furan 
compounds detected at 140 °C
Protein-rich solid from fractionation 52.3 7
Lipid-extracted biomass 50.7 12




Techno-economic Analysis and Lifecycle Assessment
B.D. Beckstrom, M.H. Wilson, M. Crocker, J.C. Quinn, Algal Res., 46 (2020) 101769 
TEA: BETO Nth Plant Assumptions
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• 10% IRR
• 35% tax rate
• MACRS-7 Depreciation
• 30 year plant life
• NPV cash flow calculation
• Reported in 2016 USD
0 30
-$
$ $ $$ $
B.D. Beckstrom, M.H. Wilson, M. Crocker, J.C. Quinn, Algal Res., 46 (2020) 101769 
Attributional LCA
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• Functional Unit: 1 kg of 
bioplastic feedstock (BPFS)
• Displacement Co-Product 
Allocation
• Global Warming reporting 
metric (CO2eq) 
• LCI data sources: EcoInvent, 
US LCI, GREET
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NPV Analysis Net NPV Analysis Net NPV Analysis Net






















Capital Variable Op Fixed Op Taxes Co-Product Credit Net
Comparison of TEA Results
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•  Cost of biomass production:
PBR > PBR-ORP > ORP    and     Fractionation > Lipid extraction > Drying only
•  Capital costs dominate 


































































































































































































































Contributions Net Contributions Net Contributions Net














PBR ORP Dewatering Conversion BPFS Prep Combustion Credits Net
ORP Growth Structure
Comparison of LCA Results
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PBR ORP Dewatering Conversion














































PBR ORP Dewatering Conversion














































PBR ORP Dewatering Conversion























































































Based on these results, algae bioplastics could be 
made economically in an nth of a kind plant today.
All bioplastic scenarios are more environmentally 
favorable than petroleum-derived resins. 
A fuels co-product is not the best choice for this 
system. 
High value bioplastics represent a promising target 
for the utilization of algae biomass from both a TEA 
and LCA perspective.
Acknowledgements
• Department of Energy / National Energy Technology Laboratory
• University of Kentucky: 
Stephanie Kesner, Daniel Mohler, Robert Pace, Michael Wilson, Dr. Jack Groppo 
• Colorado State University:
Dr. Jason Quinn, Braden Beckstrom, David Quiroz 
• Algix:








• 1 MW–hr of coal based power generation produces 1 ton of CO2/hr
• 1 ton of algae consumes 1.76 tons of CO2
• Assume 30% CO2 capture:
 The dramatic effect of areal productivity on required land drove the 
research team towards the development of a low-cost photobioreactor
Areal Productivity Land Required Production 






CO2 Capture from Coal-fired Power Plants: System Sizing
